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Abstract

We report transmission electron microscopy (TEM) investigations on bacterial surface layers (S-layers) which belong to the simplest
biomembranes existing in nature. S-layers are regular 2D protein crystals composed of single protein or glycoprotein species. In their native
form, S-layers are weak phase objects giving only poor contrast in conventional TEM. Therefore, they are usually examined negatively
stained. However, staining with heavy metal compounds may cause the formation of structural artefacts. In this work, electron microscopy
studies of non-stained S-layers of Bacillus sphaericus NCTC 9602 were performed. Compared to other proteins, these S-layers are found
relatively stable against radiation damage. Electron holography was applied where information about phase and amplitude of the diffracted
electron wave is simultaneously obtained. In spite of small phase shifts observed, the phase image reconstructed from the hologram of the
non-stained S-layer is found to be sensitive to rather slight structure and thickness variations. The lateral resolution, obtained so far, is less
than that of conventional electron microscopy of negatively stained S-layers. It corresponds to the main lattice planes of 12.4 nm observed in
the reconstructed electron phase image. In addition, as a unique feature of electron holography the phase image provides thickness
information. Thus, the existence of double layers of the protein crystals could be easily visualized by the height profile of the specimen.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Regular bacterial surface proteins (S-layer) are quasi
two-dimensional crystals with different lattice symmetries
of periodically arranged proteins or glycoproteins, which
form the outermost part of the cell envelope of various
bacteria and archeae [1]. On average, S-layers are 5—15 nm
thick. It can be isolated from the bacteria by means of
biochemical methods. The isolated protein is able to re-
crystallize into two-dimensional lattices with different mor-
phologies depending on the environmental conditions.
Thus, there appear mono- and multi-layers as well as
cylindrically shaped structures at the micrometer scale.

There is a lively interest in the determination of the
biological functions of the S-layer, which is not yet fully
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understood [2,3]. Because of the high energy involved to
produce the S-layer protein within the living cell, the
function must be essential. The strong resistance of
several of these simple biological membranes to extreme
environmental conditions, such as high temperatures up
to 140 °C, pH down to 0.5 or high ionic strength, seems
to indicate that S-layers act as a protective shield of the
living cell [2]. An additional evidence for this assump-
tion is the higher resistance of B. cereus cells with S-
layer against Gamma-radiation than B. cereus strains
without S-layer reported by Kotiranta et al. [4].

The stability, isoporosity and highly regular lattice
structure with the small lattice constants of 2.5-35 nm
predestinate S-layers for the application in the field of
biomolecular nanotechnology. In the past years it has
been shown that they can be used for example as
biomolecular templates for the formation of inorganic
nanostructures like metallic cluster arrays [5—13]. To
gain new structural insights and information of the
characteristics of the biological samples, which will be
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useful for future applications, we aim at imaging such S-
layer systems by means of electron holography in their
non-stained state, i.e. without the application of conven-
tional heavy metal contrast agents.

In this work, we focussed on the S-layer protein isolated
from Bacillus sphaericus NCTC9602 which was used as a
biotemplate for palladium or platinum nanoparticles [12,13].
For a better understanding of the underlying mechanisms of
cluster formation, it is essential to correlate the positions of
growing clusters with the protein structure. This problem
can be solved by conventional transmission electron mi-
croscopy (TEM) only by indirect methods. Up to now, it is
not possible to make visible the protein structure and the
cluster simultaneously in the transmission electron micro-
scope. The reason is that biological samples are mainly
composed of elements such as carbon, hydrogen, oxygen
and nitrogen with low atomic numbers. In the case of these
light elements, only a slight phase shift of the electron wave
in the range of 27/100 up to 27/20 [14—16] contributes to
contrast formation. As consequence, the induced phase shift
@, given by the product of sample thickness and mean inner
potential, will also be rather small and therefore provides
poor contrast.

Contrast enhancement by negative staining, which means
the embedding of the sample in heavy metal compounds
[17-19], or specific defocus [20—22] are the most popular
microscopic methods to visualize weak phase structures.
Negative staining can cause artefacts by selective binding
and can therefore result in different structure information for
different staining compounds [23]. Furthermore, the grain
size of about 10—15 A of the heavy metal compounds
determines the lower limit to the imaging of finer object
details [24].

In conventional electron microscopy, the image intensity
I(x)=b(x)b * (x)=A*(x) is recorded, whereas the image
phase @(x) is lost. Therefore, by means of a suitable
defocus, the object phase ¢(x) has to be directed into the
image amplitude A(x) to be recordable at a sufficient
contrast. However, if strong defocus is applied, only a
fraction of the spacings of interest is transferred with a
sufficient contrast, whereas due to the oscillations of the
phase contrast-transfer function (PCTF), a remarkable loss
of resolution is found; furthermore artefacts like delocaliza-
tion show up. Additionally, at strong underfocus, the ap-
pearance of Fresnel fringes at the edges of the sample makes
the image interpretation quite difficult.

These methods of contrast enhancement are not suitable
for biotemplating systems consisting of organic and inor-
ganic matter. That’s why the indirect method mentioned
above has to be used consisting of two steps: firstly, one
has to examine the protein in order to obtain the crystal
structure and also gain detailed information of the mono-
meric units. Then, the structure of the non-stained S-layer
covered by the regular array of the inorganic particles has to
be compared with the stained micrograph in order to locate
the binding site [11].

These difficulties can be avoided, if one is able to record
the phase of the sample by electron holography in the
transmission electron microscope [25—28]. By superimpos-
ing a reference wave with the object wave, electron holog-
raphy becomes sensitive to rather slight structure and
thickness variations. The phase image contains all important
structure information and one obtains good contrast even for
small phase shifts without staining. In this way, one could
observe the protein crystal and the cluster array of inorganic
nanoparticles simultaneously. In this paper, the first step is
taken and off-axis electron holography is performed on non-
stained protein samples.

In spite of the mentioned advantages, there are only a few
publications dealing with electron off-axis-holography of
biological samples. Firstly, Kawasaki et al. [29] reported
holographic investigations of unstained ferritin molecules.
Other biological specimens observed by this technique were
the tobacco mosaic virus (TMV) [30,31], bacterial flagellum
filaments [32], virus-like particles of human immunodefi-
ciency virus (HIV) [33], Semliki Forest virus [33], TS5 Phage
[33] and bacterial hexagonally packed intermediate (HPI)
layer [33].

In all these works, the shape of the specimen could be
imaged but not the inner structure or finer structural details
within the biomolecules, with the exception of the HPI,
where the periodicity of the crystal layer could be imaged
with a lattice constant of about 18 nm. Therefore, the
resolution of the method can be estimated by the dimensions
of the investigated molecules. The sizes varied about, e.g. 9
nm for ferritin, 18 nm for TMV, 24 nm for the bacterial
flagellum filaments and 65 nm (head) or 20 nm (tail) for the
T5 Phage.

An additional advantage of electron holography is given
by its sensitivity to thickness and materials variations. As a
consequence, we can measure the regularity of the topog-
raphy of such non-stained crystal sheets. A further inves-
tigation of the template samples would provide information
about the thickness changes induced by the deposited
nanoparticles.

One should mention that there exists another electron
holographic method, the so-called in-line or point projection
holography. This technique does not need a biprism and
works at low electron energies and as a consequence, the
knock-on beam damage for biological molecules should be
minimized. Some work on biological systems were per-
formed such as DNA [34,35] and TMV [36], and the
method is still in progress.

When one performs electron microscopy on organic and
biological materials, beam damage will play a decisive role
[37—42]. Therefore, the attainable resolution is not given by
the point resolution of the microscope but by the critical
dose of the sample. Various undesirable phenomena will
occur such as loss of long range order accompanied by
chemical decomposition, mass loss, and decrease of me-
chanical stability. Finally, with the higher brightness of the
field emission guns (FEG) and higher acceleration voltage,



180 P. Simon et al. / Biochimica et Biophysica Acta 1663 (2004) 178-187

the probability of knock-on damages will also increase for
organic or biological samples. Therefore, it is important to
estimate roughly the influence of the electron beam damage
on the non-stained S-layer.

2. Materials and methods
2.1. Preparation of S-layer films

The S-layer protein was isolated from B. sphaericus
NCTC 9602 cells. The cell cultivation conditions, protein
purification and re-crystallization in solution are described
elsewhere [12]. The concentration of the crystallized S-layer
suspension amounted to about 10 mg per ml.

For electron microscopy, 50 pl of the suspension was
diluted in 1 ml H,O bidest, and a drop of this was placed
onto the electron microscopy grid. After 1 min, the excess
was removed by a blotting paper and thereafter dried on
air. The electron microscopy grids (Quantifoil, Jena,
Germany) were covered with a holey carbon film with
hole diameters ranging from 4 up to 8 um separated by
thin bars. Free-standing films of S-layer protein crystals
stretch across the holes. Larger holes are more favourable
because often they are not completely covered with S-
layer, leaving adjacent vacuum area for the reference
wave.

After the drying process, the S-layers were covered on
one side by an evaporated carbon layer with a thickness of
about 2 nm in order to avoid charging.

2.2. Electron microscopy

Conventional TEM was performed with a Philips CM200
FEG/ST Lorentz electron microscope at an acceleration
voltage of 200 kV. In order to gain a larger field of view
of about 300 x 300 nm?, the regular objective lens has to be
switched off and the Lorentz lens has to be activated instead.
The so-called Lorentz or Twin 2 lens is a mini lens,
embedded in the lower pole piece of the objective lens. It
was designed for imaging of magnetic and biological
objects with increased contrast. The focal distance of the
Twin 2 lens is 12 X and the spherical aberration 6000 x
larger than of the conventional objective; therefore, the
theoretical point resolution amounts to about 2.2 nm.

2.3. Stability measurements

Stability measurements were performed at different elec-
tron doses. The conventional image was recorded at strong
defocus in order to obtain sufficient contrast. By increasing
the accumulated electron dose, successively intense beam
damage was observed. The induced damage was evaluated
by the fading of the diffraction spots, which were deter-
mined by Fast Fourier Transform (FFT) of the direct image.
The window size for evaluation of the intensities of the

diffraction spots amounted to (0.0239 x 0.0239) nm™ * and
the number of electrons per area was read out for each
reflection. However, these evaluations of the diffraction spot
fading were not background corrected.

2.4. Electron holography

The off-axis electron holography was performed on
the electron microscope Philips CM200 FEG/ST Lorentz
with an experimental set-up described elsewhere [16].
The holograms were recorded in-focus with a biprism
voltage of about 130 V. At the magnification of
30,000 X an interference fringe width of 4 nm was
obtained corresponding to a possible resolution of 8 nm
in the reconstructed electron phase image. The holograms
were evaluated by the software Digital Micrograph 3.3.1
(Gatan).

3. Results
3.1. Stability measurements

In general, proteins are extremely beam-sensitive and are
already destroyed by a dose of about 1 e A2 [37]. In order
to determine the critical dose, we observed the decay of
lattice order by direct imaging of the non-stained layer
specimen at strong defocus at different applied dose. When
applying a dose rate of 77 e A" 25 the crystalline order is
weakened remarkably after 1 min and will be strongly
damaged after 2—3 min (Fig. 1). In order to estimate
roughly the beam damage quantitatively, the intensities of
the diffraction spots in the FFT has to be compared with
increasing accumulated dose (inset, Fig. 1). The first read-
out value of the applied dose was set to be zero. However,
one has to keep in mind that the sample was pre-irradiated in
order to find and to focus the region of interest.

One would expect that the substructure corresponding to
smaller spacings may already be damaged at the very
beginning during the beam exposure, whereas the biggest
lattice spacings of the (10) and (01) planes should be still
preserved. A survey of fading of all reflections by increased
dose is given in Table 1.

As the results of Table 1 show, there is no clear finding
that finer structure details are destroyed first. For example,
the large spacing of 12.5 nm corresponding to (10) almost
reaches the critical dose with 42% of the initial intensity at
an accumulated dose of 13,860 ¢ A~ 2 (I5), whereas the (02)
reflection at 6.2 nm still shows a value of 80% of the initial
intensity Iy. Reflections (10) and (01) should have the same
intensity, and the same holds for (20), (02), (21) and (12)
diffraction spots. Presumably due to mistilt, they show
different intensities thus averaging of the intensities was
not considered. Another astonishing finding is that, after an
irradiation dose of about 4700 ¢ A~ 2 (1), the intensity of
the first-order diffraction spots (10) and (01) even increases
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Fig. 1. Beam damage of non-stained S-layer protein exposed to a dose rate of 77 e A~

25—1

. At certain time intervals micrographs were taken of the same

sample area at strong defocus. The accumulated dose increased in the following sequence: (a) t=2s,D ~0e A2 (b)t=60s,D ~ 4800 ¢ A2 (c)t=120s,
D ~9600e A~ 2 (d)r=180s,D ~ 14,400 ¢ A~ % The insets display the processed FFT. Obviously, the diffraction spots are fading away by increasing the
accumulated dose. After 3 min the critical dose for the (01) spot is almost reached.

compared to zero dose at 0 e A~ 2 as demonstrated by the
plot in Fig. 2. Similar behaviour was found by Ohno [43] for
behenic acid by electron diffraction, whereas Knapek at al.
[44] detected even a statistic behaviour for L-valine at low
temperatures. The rise of initial intensity during irradiation
was explained by crystal tilt caused by charging effects and

Table 1
Number of electrons in different reflections in dependence of the dose
cumulated in the S-layer crystal

(hk) 1() I] 12 13 13/10
Dose 0 Dose 4690  Dose 9240  Dose 13,860 (%)
(e A™?) (e A™? (e A™?) (eA™?
(10) 6.435.000  7.408.000 5.159.000 4.814.000 75
(20) 4.802.000  2.874.000 2.728.000 1.214.000 25
01) 5.762.000  5.949.000 4.441.000 2.422.000 42
(02) 6.706.000  2.706.000 3.113.000 5.368.000 80
(11)  10.832.000  6.331.000 5.421.000 4.509.000 42
@21 6.118.000  5.057.000 6.678.000 4.023.000 66
(12) 6.046.000  4.052.000 2.586.000 3.465.000 57

The window size for evaluation of the intensities of the diffraction spots
amounts to (0.0239 X 0.0239) nm™ 2.

local heating. However, in our experiment, this effect lies
within 15% deviation.

By direct imaging, one is able to obtain a coarse
assessment of the critical dose for the S-layer protein
crystal at room temperature. The estimation shows that it
should be possible to perform electron holography on this
S-layer system and to image the unit cells of 12.5x12.5
nm®. Former measurements by electron diffraction on
glucose-embedded bacteriorhodopsin [42] show that the
finer structural detail of 7 A vanishes at a dose of 1.4 ¢
A2 and that the 3 A reflection already reaches the
critical dose below 1 ¢ A~ 2 at room temperature. In a
very early paper by Glaeser and Taylor [45] the beam
damage of glucose-embedded catalase crystals is de-
scribed. As they found out, the logarithm of critical dose
is linear with the achievable resolution. However, in their
diagram for room temperature, the biggest spacing corre-
sponds to only 2.5 nm. If one extrapolates their findings to
12.5 nm, which complies to the biggest spacing for the S-
layer, we find a critical dose of about only 6 e A2 In the
beam damage experiments, where the much higher dose
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Fig. 2. Beam damage of the non-stained S-layer protein exposed to a dose rate of 77 ¢ A~ 25!, The intensities of the diffraction spots of Fig. la—d are plotted
versus the applied dose for the (10) and (01) lattice planes. The lines mark the levels of critical doses D, of the corresponding lattice planes.

rate of 77 ¢ A=2 57! was applied, we had some different
circumstances. For example, in our experiments we did not
apply embedding but we used the as-dried samples and,
additionally, we evaporated a protective thin carbon layer
onto the sample. Further on, we worked at a higher
accelerating voltage and we could make use of single
electron detection by our CCD camera. Weierstall and
Lichte [31] applied an accumulated dose from 15 up to
45 ¢ A= 2 in order to check the beam resistance of vitrified
TMV at 4 Kelvin. Whereas at 15 ¢ A~ 2 the finer structure
could be preserved structure destruction and bubble for-
mation occurred at a dose of 45 ¢ A~ 2.

The reason for the drastically enhanced dose rate of 77 e
A=2 s ! for the beam damage experiment was that we
wanted to reach the region of the critical dose of the S-layer.
On the other hand, for the holography experiments, we
reduced the dose rate to about 4 ¢ A~2 s~ ! in order protect
the sample. From our beam damage experiment, it can be
concluded that S-layers are notably stable against beam
damage.

3.2. Estimations of the phase shifts produced by biological
samples

As criterion whether it is possible to image the biological
sample under investigation, we have to estimate the phase
shift produced by the specimen. The phase shift is propor-
tional to the product of the mean inner potential U; of the
sample and its thickness d along the incident beam

Ap = CrUid (1)

Cg = interaction parameter [V~ ' nm™ '].
For a high tension of 200 kV, the parameter Cg amounts
t0 0.0073 V™ ' nm™ ' at a wavelength of 2=2.5 pm. In this

way, we are able to assess beforehand, whether there is a
sufficient phase shift needed for the signal detection.

The following calculations for the expected phase shift
are performed under the assumption that the S-layer of B.
sphaericus NCTC 9602 investigated in this study features a
thickness of 5 nm as determined by scanning force micros-
copy [46]. Assuming the inner potential of the S-layer to be
equal to that of polystyrene of U=8.2 V [47] a resulting
phase shift of A¢ =0.33 rad by a single S-layer is obtained.
For the mean inner potential of the S-layer, the value of
polystyrene was taken, since there are no experimental
values of inner potentials of biological samples available.
Till today, there exist only one organic compound, which
experimental inner potential is known and this is polysty-
rene. The value of A¢p ~ 0.33 rad lies about four and a half
times above the critical phase shift of ~ 0.07 rad, which
could just be detected in the microscope [15]. Therefore, one
can expect that such kind of objects could also be observed
adequately well in the holographic electron phase image.

3.3. Electron holography

In Fig. 3a, the reconstructed electron phase image of the
crystalline S-layer is shown. The calculated diffraction
pattern (power spectrum) features four spots corresponding
to a square lattice with a spacing of 11 nm, which is to some
extent smaller than measured by the negative staining
method of 12.5 nm. This shrinkage of 12% could be caused
by deformation of the S-layer lattice during the drying
process, if we take into account mechanical stress, since
the S-layer sheet spans over vacuum and hence is not
supported by the carbon substrate. Finally we have to
consider stress due to irradiation. Deformation and shrink-
age of protein crystal sheets were also found on stained and
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Fig. 3. (a) Reconstructed phase image of the unstained crystal lattice of the
surface layer protein. The position of the crystal sheet is indicated by the
black arrow. At the bottom up to the centre, the carbon support film appears
confined by a dark edge, whereas the protein film above spans over
vacuum. The calculated diffraction pattern (power spectrum) features four
reflections (black arrows) corresponding to the main lattice spacings of 11
nm. Furthermore, the crystal lattice show the typical angle of 45° with
respect to the boundary of the protein sheet. This finding is well known
from stained samples. (b) Zoomed phase image of the crystalline region
marked with the arrow in panel a. The inset at the right top indicates the
corresponding FFT.

free-standing catalase crystal layers and on a freeze-dried
and free-standing protein HPI-layer [33]. The dose rate for
recording the hologram amounted to 3.6 ¢ A=2s™ " which is
about 21 times smaller compared to the dose rate applied in
the beam damage experiment. The magnification is

35,500 x and the contrast of the hologram fringes gave
11%. Fig. 3b is showing a zoomed area of the protein crystal
sheet marked with a black arrow in Fig. 3a. The inset is
showing the Fast Fourier Transform (FFT) with the (10) and

(01) reflection corresponding to 1/11 nm™ .

i /4
171
)
7
7

/7,

o
7

Fig. 4. (a) Electron hologram of the unstained crystal sheet of surface
layer protein at a magnification of 61,000 X recorded with a dose rate of
4 ¢ A2 s . The resolution is given by the double of the interference
fringe periodicity of 4 nm. The contrast of the fringes amounts to 20%.
(b) Reconstructed phase image of the unstained crystal lattice of surface
layer protein as shown in panel a. The inset at the right top is showing
the power spectrum of the crystal with ‘diffraction spots’ corresponding
to 1/11.3 (nm)~ .
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A typical electron hologram of the S-layer is shown in
Fig. 4a. The resolution is determined by the double-spacing
of the interference fringe periodicity and amounts to 8 nm. It
is important to adjust high contrast of the interference
pattern in order to gain sufficient phase sensitivity in the
corresponding reconstructed phase image (Fig. 4b). In this
way, we obtain a phase micrograph at just focus imaging of
the edges of the crystal sheet without blurring. The topog-
raphy is nicely reproduced in the phase image showing a
strong waviness of the crystal sheet as indicated by the
bright areas corresponding to thicker sample regions and
darker regions which represent the thinner parts.

By means of electron holography on stained samples the
double layer structure of the adsorbed S-layer sheets could
be already proved. Electron holography is sensitive to the
thickness of the sample (see Eq. (1)), thus the stepwise
change from the monolayer to the double layer could be
measured by the height profile [13]. One layer produces a
phase shift of about 0.5 rad for these stained samples.

Under specific conditions the S-layer proteins crystallize
into cylindrically shaped assemblies of several hundred
nanometers in diameter and a few micrometers in length
[12]. If a suspension, containing such cylinders, is adsorbed
onto a holey carbon grid, one can observe that some of them
were spanned as flat double layers over the holes. Because
the ends of the cylinders are frayed, these positions are
suitable for detecting the transition from mono- to double
layered areas.

In this work, we succeeded in imaging these steps on
non-stained samples by electron holography (Fig. 5a). In
Fig. 5b(1) the phase profile of a double layer step is
shown taken from the region labeled 1 in Fig. 5a. The
phase difference between the vacuum level and the double
layer amounts to 0.6 rad, which is in good agreement with
the value estimated in Section 3. At the region marked by
label 2 in Fig. 5a, the origin of a disruption of the crystal
sheet is shown. The two fibres which are spanned be-
tween the two ripped parts display a phase shift of 0.3 rad

Fig. 5. (a) Reconstructed phase image of electron hologram of the surface
layer protein crystal sheet. The bright area represents the S-layer, whereas
the dark areas at the top and the bottom represent vacuum. The protein self-
assembly product displays a disruption in the middle at the top marked by
the white arrow. The double layer constitution of the crystal sheet is
demonstrated by the height profile 1 (panel b(1)), which runs normal to the
edge of the sheet. For area 2, a phase profile in panel b(2) is drawn in order
to measure the thickness of the “fibrils’ spanning over the disruption edges.
The phase profile of area 3 is displaying the roughness variation along the
sheet main direction. (b1) Phase profile of region 1 of panel a normal to the
edge of the sample. The difference between the vacuum level at the left of
3.4 rad and the double layer with 4.0 rad on the right amounts to 0.6 rad.
This finding shows a good agreement with the estimated value of ~ 0.66
rad given in Section 3. (b2) Phase profile of region 2 of panel a at the
disruption origin. The two ‘fibres”, which are spanned between the two
ripped parts show a phase shift of 0.3 rad corresponding to a monolayer
thickness. Vacuum is situated on the left at ~ 3.4 rad level. (b3) Phase
profile of region 3 of panel a drawn parallel to the sheet main direction. The
maximum deviation amounts to 0.3 rad corresponding to a thickness
variation of ~ 5 nm along 200 nm.

respectively. This value corresponds to a single layer shift
as estimated in Section 3. In order to assess the thickness
variations along the long axis of the protein sheet, a phase
profile was drawn at the area marked with the number 3
in Fig. 5a. As can be read from the phase profile, some

a

0 10 20 30 40

0 50 100 150 200
nm
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areas are very smooth, i.e. the maximum roughness
amounts to 5 nm across 200 nm width parallel to the
sheet long axis.

In order to get an assessment about the noise limit of
the phase, one has to look at an area, which displays
frayed crystal sheets (Fig. 6a). The height profile (Fig. 6b)
was taken from the region of interest marked in Fig. 6a.
Two steps can be clearly recognised. Assuming a mean
inner potential of 8.2 V, each step represents the thickness
of a double layer. Fourfold thickness could occur when
two S-layer tubes liec one upon the other. Obviously, the
height resolution given by the noise of 0.06 rad is much
better than the step height visible at the top of the layer.
The phase shift for the double layer step amounts to 0.63
rad with an error of about 10%.

a

1.0 S

0.5

0 50 100 150 200 250 300 350 400
nm

Fig. 6. (a) Reconstructed phase image of electron hologram of the surface
layer protein. Since the phase is sensitive to thickness variations, the
topography will be registered exceedingly. The bright area represents the S-
layer protein self-assembly product, which features a disruption at the right.
The double layer constitution of the crystal sheet is demonstrated by the
height profile (panel b), which runs normal to the edges of the sheet. Area 1
represents vacuum, 2 is the double and 3 indicates four layers. (b) Height
profile of region marked in panel a. Two steps can be clearly recognised
representing the double and fourfold layered area. The phase shift for the
four layers amount to 1.26 rad with a tolerance of about ~ 0.06 rad
(~ 5%) given by the noise visible at the top of the layer. The height
resolution of 0.06 rad is in good agreement with the value of about 0.07 rad
given in Ref. [15].

4. Conclusions

Off-axis electron holography was proven a suitable tool
to image weak phase objects such as unstained surface layer
protein crystal lattices. In the reconstructed phase image the
lattice planes are clearly visible. As shown by Fourier
transform of the phase image, the four first-order spots of
the diffraction pattern corresponding to the crystal lattice are
present. Furthermore, a single protein sheet of about 5 nm
thickness can reliably be determined from the corresponding
phase shift. This value corresponds to the one determined by
scanning force microscopy [46].

Of course, there exist several alternative methods for
thickness determination especially those which make use of
the reflection technique such as neutron or X-ray reflectivity
and ellipsometry. However, for these methods one needs
rather smooth layer systems. At atomic and molecular scale,
only scanning force microscopy is able to provide reliable
thickness information. Due to careful calibration, the error
in height amounts less than 5%. Electron holography suffers
like ellipsometry, the same drawback that only the product
of thickness and refractive index can be observed. Thus, the
mean inner potential of the protein has to be estimated since
the lack of experimental values for biological samples.

The lateral resolution reachable with electron hologra-
phy, in particular when including aberration correction, is
superior to conventional microscopy. With inorganic
objects, about 0.12 nm have been proven [28]. In our
experiments, however, resolution is limited by several
factors, which are caused partly by the experimental set-
up and mainly by the object characteristics. Instabilities of
the microscope, mechanical instabilities, external stray
fields or the correct alignment of the biprism with respect
to the illumination blur fringe contrast of the hologram and
produce additional noise. Thus, stability and elimination of
stray fields are required. At the specially designed Trieben-
berg Laboratory we have a minimum possible disturbance
level resulting in a phase detection limit of about 27/60 at
the middle resolution range.

Off-axis holography is not restricted to air dried or freeze
dried samples. However, embedding in ice brings several
drawbacks as demonstrated in the publications of Harscher
[33] or Weierstall and Lichte [31]. Firstly, the contrast
between ice and protein is much lower than between air
and protein since the object is embedded in a medium with
similar refractive index. Secondly, if the vitrified sample is
irradiated with a higher dose such as 45 ¢ A2, bubbling
occurs in the ice layer. Thirdly, for the reference wave, a
hole has to be burnt in the ice in the vicinity of the sample.
This can be done using a higher dose rate, holding the
danger of damaging the sample nearby. At last, since the ice
layer consist of lighter elements, inelastic electron scattering
predominates. Therefore, the contrast of the interference
fringes will be reduced remarkably.

In our case main restriction of resolution is given by the
beam sensitivity of the specimen. In order to assess the
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achievable resolution d, the following equation is used
given by Glaeser:

PR
C\/ﬂvcr

C, contrast factor ~ 0.1; f, net utilisation factor ~ 0.25;
N, critical dose.

Because of the beam sensitivity of proteins, only a little
dose of about 1-10 ¢ A~ 2 can be applied. For example, if a
dose of 10 ¢ A~ 2 is applied, one should resolve about 3 nm
as smallest object detail. In holography, C should be even
higher than 0.1 and thus more favourable than in conven-
tional microscopy.

Beam damage is the limiting factor for achievable
resolution of proteins both for electron holography and
for conventional electron microscopy. Therefore, it is
interesting to have a look at the maximum resolution
available in conventional TEM. A nice overview about
the achieved resolution of 2D and 3D protein crystals by
electron microscopy is given by Ellis and Hebert [48].
Cheong et al. [49] achieved on a similar system (surface
protein layer of an archeon) a resolution of about 1 nm by
applying low temperatures (— 120 °C) and spot scan
illumination. The total dose amounted to about 1 ¢ A~ 2.
Kimura et al. [50] imaged the surface of bacteriorhodopsin
with a resolution of about 4 A. They used very low
temperatures (4.2 K), the low dose technique and an
acceleration voltage of 400 kV. The total dose amounted
to about less than 10 ¢ A~ 2 Thus, by using a cooling
holder, by applying low dose techniques and by embed-
ding the sample into a polymer matrix combined with
higher acceleration voltages, one should able to reach at
maximum a resolution of 4 A. This means a factor of 30
better than the 12 nm achieved in our publication at room
temperature. In this way, a rather precise identification of
the binding sites of the metal particles on the surface layer
protein would be possible at almost atomic level.

In theory, by means of holography, it is possible to
achieve good contrast from very large spacings down to 3
A resolution at the same time as given by the phase transfer
function cos(y). In conventional microscopy, very large
spacings and finer object details cannot be imaged at the
same time due poor contrast at lower spatial frequencies of
the PCTF sin(y). Finally, the correlation of applied dose and
achievable resolution for holography has to be assessed and
discussed in further investigations and theoretical work [51].

In order to get an insight on the binding area of nano-
particles on the S-layer, which acts as biotemplate, the next
step should encompass to image the crystal structure by
electron holography at higher resolution up to spacings,
which correspond to the higher order and mixed reflections
up to 2—3 nm spacing. In this way, the structure of the non-
stained S-layer template covered by the regular array of
metal particles need not be compared any more with a
micrograph of a stained sample in order to locate the
binding site of the nanoparticles.

(2)

Of course, we could think of not only imaging crystalline
samples alone but all kinds of biological systems such as
bacteria and virus or cell organelles. By electron holography,
a big prospect opens up by imaging unstained biological
specimens by their topography or chemical composition.
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